The mainstream of recent anti-AIDS vaccines is a prime/boost approach with multiple doses of the target DNA of human immunodeficiency virus type 1 (HIV-1) and recombinant viral vectors. In this study, we have attempted to construct an efficient protein-based vaccine using biodegradable poly(␥-glutamic acid) (␥-PGA) nanoparticles (NPs), which are capable of inducing potent cellular immunity. A significant expansion of CD8 ؉ T cells specific to the major histocompatibility complex class I-restricted gp120 epitope was observed in mice intranasally immunized once with gp120-carrying NPs but not with gp120 alone or gp120 together with the B-subunit of cholera toxin. Both the gp120-encapsulating and -immobilizing forms of NPs could induce antigen-specific spleen CD8
T cells specific to the major histocompatibility complex class I-restricted gp120 epitope was observed in mice intranasally immunized once with gp120-carrying NPs but not with gp120 alone or gp120 together with the B-subunit of cholera toxin. Both the gp120-encapsulating and -immobilizing forms of NPs could induce antigen-specific spleen CD8
؉ T cells having a functional profile of cytotoxic T lymphocytes. Long-lived memory CD8
؉ T cells could also be elicited. Although a substantial decay in the effector memory T cells was observed over time in the immunized mice, the central memory T cells remained relatively constant from day 30 to day 238 after immunization. Furthermore, the memory CD8 ؉ T cells rapidly expanded with boosting with the same immunogen. In addition, ␥-PGA NPs were found to be a much stronger inducer of antigen-specific CD8 ؉ T-cell responses than nonbiodegradable polystyrene NPs. Thus, ␥-PGA NPs carrying various HIV-1 antigens may have great potential as a novel priming and/or boosting tool in current vaccination regimens for the induction of cellular immune responses.
The development of highly active antiretroviral therapy has achieved a reduced death rate from human immunodeficiency virus type 1 (HIV-1) infection in developed countries. However, considering the high cost and potential toxicity of longterm highly active antiretroviral therapy, it is obvious that the development of vaccines against HIV-1 is the most desirable option for the prevention of viral transmission and disease progression (12, 14) . An effective anti-AIDS vaccine will likely need to induce virus-specific neutralizing antibodies and cytotoxic T-lymphocyte (CTL) responses. Although neutralizing antibodies have shown the activity to block HIV-1 and simian immunodeficiency virus (SIV), an immunogen inducing the antibodies that neutralize a diversity of primary HIV-1 isolates has not been obtained. With accumulating evidence for the importance of CTLs in controlling HIV-1 and SIV replication, several vaccine strategies are being pursued for generating HIV-1-specific CTLs (5, 7, 9, 15, 22, 23) . Currently, the most promising vaccine strategy for the induction of CTL responses seems to be a heterologous prime/boost regimen employing a plasmid DNA prime dose and a live recombinant-vector boost dose. Since the immunogenicity of plasmid DNA has proved to be modest in human clinical trials, our attempt is to construct a protein-based vaccine capable of inducing potent HIV-1-specific cellular immunity. Nanoparticles (NPs) are considered to be an efficient antigen carrier and have been widely investigated for their biological potential (20, 21) . NPs of an appropriate size are efficiently taken up by dendritic cells (DCs) and can present the carried antigens along with major histocompatibility complex (MHC) class I molecules to CD8 ϩ T cells through the antigen crosspresentation pathway (6, 8, 16) . DCs are professional antigenpresenting cells capable of stimulating naïve T cells in the primary immune response and are more-potent antigen-presenting cells than monocyte/macrophages or B cells (4) . The superiority of DCs in immunostimulatory activity involves the high-level expression of MHC and costimulatory molecules (CD40, CD80, and CD86), as well as the ability to produce T-helper 1 (Th1) cytokines, such as interleukin-12 (IL-12) and alpha interferon (IFN-␣) (4). The ability of DCs to prime naïve T cells with antigens and their presence in various peripheral tissues imply a central role of DCs in mediating immune responses to infectious diseases and cancers.
We have previously reported that antigen-carrying corecorona polystyrene NPs (PSNPs) were efficiently taken up by DCs and did enhance the immunogenicity of antigens (28, 29) . Intranasal immunization of mice with heat-inactivated HIV-1-capturing PSNPs demonstrated efficient production of HIV-1-specific neutralizing antibodies in the genital tract and CTL responses in the spleen (2, 10) . Furthermore, intranasal immunization with inactivated simian-human immunodeficiency virus (SHIV)-capturing NPs (SHIV-NPs) could induce mucosal immune responses in macaques, and the macaques immunized with SHIV-NPs were partially protected from vaginal and systemic challenge with SHIV (18) . However, nonbiodegradable PSNPs may not be applicable in clinical situations as a vaccine material because of their safety issues. To circumvent this problem, we have recently created a novel biodegradable antigen delivery system with self-assembled polymeric NPs using poly(␥-glutamic acid) (␥-PGA) (1) . NPs composed of amphiphilic ␥-PGA and hydrophobic amino acids can immobilize proteins, peptides, and chemicals onto their surfaces and/or encapsulate these substances into the particles. In addition, ␥-PGA NPs were found to be an efficient protein antigen delivery system and adjuvant to DCs in vitro and in vivo (26) .
MATERIALS AND METHODS
Preparation of ␥-PGA NPs. ␥-PGA (number-average molecular weight, M n , 380,000) was kindly provided by Meiji Seika Co., Ltd., Tokyo, Japan. The synthesis procedures for ␥-PGA NPs, PSNPs, and protein-carrying ␥-PGA NPs have been described in our previous report (1, 10) . Recombinant HIV-1 (III B strain) gp120 protein (Immuno Diagnostics, Woburn, MA) was chosen for the immunization experiments and either immobilized onto or encapsulated into ␥-PGA NPs. To prepare the gp120-immobilizing ␥-PGA NPs [gp120-NPs (imz)], the carboxyl group of the ␥-PGA NPs (10 mg/ml) was activated by water-soluble carbodiimide for 20 min. The NPs, obtained by centrifugation (14,000 ϫ g for 15 min), were mixed with 1 ml of gp120 (0.5 mg/ml) in phosphate-buffered saline (PBS), and the mixture was incubated at 4°C for 24 h. After the reaction, the centrifuged NPs were washed twice with PBS. The gp120-immobilizing PSNPs [gp120-PSNPs (imz)] were prepared by the same method. To prepare the gp120-encapsulating ␥-PGA NPs [gp120-NPs (ecp)], ␥-PGA-graft-L-phenylalanine ethylester (10 mg/ml) in dimethyl sulfoxide was added to the same volume of gp120 (0.75 mg/ml) in PBS. After the reaction, the centrifuged NPs were washed twice with PBS. The amount of entrapped gp120 protein was evaluated by the Lowry method, as previously described (1). The particle sizes of ␥-PGA NPs and protein-carrying ␥-PGA NPs in aqueous solution were measured by a dynamic light scattering method. The mean diameters of ␥-PGA NPs, PSNPs, gp120-NPs (imz), gp120-NPs (ecp), and gp120-PSNPs (imz) were 210 Ϯ 67 (mean Ϯ standard deviation), 267 Ϯ 76, 301 Ϯ 127, 450 Ϯ 124, and 316 Ϯ 93 nm, respectively. The NPs did not form larger aggregates after they had been mixed with or conjugated to HIV-1 antigens. To determine the distribution of the antigen carried by ␥-PGA NPs, fluorescein 5-isothiocyanate-conjugated ovalbumin (FITC-OVA) (Molecular Probes, Inc., Eugene, OR) was selected as a model antigen. FITC-OVA was encapsulated into ␥-PGA NPs with the method described above.
Mice and immunization. Six-to 8-week-old female BALB/c mice were purchased from Charles River Japan (Yokohama, Japan). The experiments were carried out in accordance with the guidelines for animal experimentation in Kagoshima University. The mice were anesthetized by an intraperitoneal injection of sodium pentobarbital and intranasally immunized with various concentrations of antigens in a total volume of 20 l to one nostril.
Proliferation assay. Spleen lymphocytes from the immunized mice were isolated by lympholyte-M (Cedarlane, Ontario, Canada) and tested in a standard Pentamer staining and flow cytometric analysis. Pentameric H-2D d complexes folded with the p18 epitope peptide (25) were purchased from Proimmune (Oxford, United Kingdom). Spleen lymphocytes from the immunized mice were stained with the p18 pentamer conjugated with allophycocyanin and an FITCconjugated anti-CD8␣ monoclonal antibody (MAb) (KT-15; Proimmune) to detect p18-specific CD8 ϩ T cells. The cells were washed in PBS containing 0.1% sodium azide and 0.1% bovine serum albumin and fixed with PBS containing 2.5% formaldehyde (Wako, Tokyo, Japan). For phenotyping of the p18-specific CD8 ϩ T cells, spleen lymphocytes were collected at certain time points after immunization and stained with a peridinin chlorophyll protein-Cy5.5-conjugated anti-CD8␣ MAb (53-6.7; BD Biosciences, San Jose, CA), a phycoerythrin (PE)-conjugated anti-CD44 MAb (IM7; eBioscience, San Diego, CA), an FITCconjugated anti-CD62L MAb (MEL-14; eBioscience), a PE-conjugated anti-CD127 MAb (A7R34; eBioscience), and the allophycocyanin-conjugated p18 pentamer. The cells were washed with PBS, and the levels of cell-associated fluorescence were determined by using a multicolor flow cytometer (FACSCalibur; BD Biosciences) and analyzed with CellQuest software (BD Biosciences).
IFN-␥ ELISPOT assay. An enzyme-linked immunospot (ELISPOT) assay was performed to measure IFN-␥ production. Spleen lymphocytes from the immunized mice were cultured in a plate with medium alone, the p18 epitope peptide (5 g/ml), or gp120 protein (5 g/ml). After a 24-h incubation at 37°C, the plate was washed, and the IFN-␥-producing cells were measured with an ELISPOT assay kit (BD Biosciences), according to the manufacturer's instructions. The data were expressed as the mean number of spot-forming units per million cells Ϯ the standard error of the mean (SEM).
Intracellular cytokine staining and flow cytometric analysis. Spleen lymphocytes from the immunized mice were stimulated with the p18 epitope peptide (10 g/ml) or medium alone for 6 h. The protein transport inhibitor BD GolgiPlug (1:1,000; BD Biosciences) was added to accumulate intracellular cytokines. The cells were washed, incubated for 10 min at 4°C with a purified anti-mouse CD16/32 to block Fc receptors, and stained with a PE-conjugated anti-CD8␣ MAb (53-6.7; BD Biosciences) for 30 min at 4°C. The cells were permeabilized (BD Cytofix/Cytoperm Plus; BD Biosciences) and stained with an FITC-conjugated anti-IFN-␥ MAb (XMG 1.2; BD Biosciences), an FITC-conjugated anti-IL-2 MAb (JES6-5H4; BD Biosciences), or an FITC-conjugated anti-tumor necrosis factor alpha (TNF-␣) MAb (MP6-XT22; BD Biosciences) for 30 min at 4°C. The cells were washed with PBS, and the levels of cell-associated fluorescence were determined by using a FACSCalibur and analyzing with CellQuest.
CTL assay. Spleen lymphocytes from the immunized mice were suspended in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, 50 mM 2-mercaptoethanol, and 20 U/ml recombinant IL-2 (Sigma, St. Louis, MO). The cells (4 ϫ 10 6 cells/ml) were cultured with the p18 epitope peptide (10 g/ml) in a 24-well plate for 4 days. MHC-matched P815 cells (H-2 d ) were used as the target cells. The target cells (1 ϫ 10 5 cells/ml) were preincubated with the p18 epitope peptide (10 g/ml) for 16 h. The cytolytic activity of the effector cells was evaluated with a lactate dehydrogenase (LDH) cytotoxicity detection assay kit (Takara, Tokyo, Japan), as previously described (11) . Prior to the assay, dead cells were removed from the effector cells by density gradient centrifugation with lympholyte-M. The effector and peptide-pulsed target cells were cocultured in a 96-well roundbottom plate at various effector/target ratios. After being incubated for 4 h, the culture supernatants were harvested and examined for their LDH levels. The LDH level of cell-free medium (background) was subtracted from the LDH levels of the samples. The percent specific lysis was calculated as follows: (sample LDH Ϫ effector spontaneous LDH Ϫ target spontaneous LDH)/(target maximum LDH Ϫ target spontaneous LDH) ϫ 100. The effector and target spontaneous LDH levels were determined by culturing the cells with medium alone, and the target maximum LDH level was determined by adding 1% Triton X-100 to the target cells. To clarify the roles of CD4 ϩ and CD8 ϩ T cells in gp120-NPinduced cytolytic activity, an anti-CD4 MAb (GK1.5; eBioscience) and an anti-CD8 MAb (53-6.7; eBioscience) were used for depletion of CD4 ϩ and CD8 ϩ T cells, respectively. The MAbs were mixed with the effector cells before being added to the target cells at a final concentration of 10 g/ml and incubated for 45 min at 4°C.
Statistical analysis. Statistical tests were performed by using Student's t test. A P value of less than 0.05 was considered significant.
RESULTS

Induction of antigen-specific CD8
؉ T cells by gp120-NPs. Since ␥-PGA NPs act as an efficient protein antigen delivery system and adjuvant to DCs in vitro and in vivo (26) , the ability of ␥-PGA NPs to elicit HIV-1-specific CD8 ϩ T-cell responses was examined in mice. Recombinant HIV-1 gp120 protein was selected as an immunogen, and gp120-NPs (ecp) and gp120-NPs (imz) were created. The mice were intranasally immunized once with gp120-NPs, and their cellular immune responses were measured with a lymphocyte proliferation assay. As shown in Fig. 1 , antigen-specific lymphocyte proliferation was not observed in the spleen lymphocytes obtained from the mice immunized with PBS, gp120 alone, or NPs alone. In contrast, the spleen cells obtained from the mice immunized with gp120-NPs (ecp) and gp120-NPs (imz) showed significant antigen-specific proliferation in a dose-dependent fashion compared to the proliferation in the spleen cells obtained from mice immunized with a mixture of gp120 and the B-subunit of cholera toxin (gp120 ϩ CTB) (Fig. 1 ). Higher lymphocyte proliferation was observed in the mice immunized with gp120-NPs (ecp) than in those immunized with gp120-NPs (imz). Furthermore, both gp120-NPs (ecp) and gp120-NPs (imz) elicited potent p18-specific lymphocyte proliferation. These results suggest that both gp120-NPs (ecp) and gp120-NPs (imz) have great potential to induce antigen-specific cellular immune responses, especially, CD8
ϩ T-cells. When the CD8 ϩ T-cell responses to the H-2 d -restricted p18 epitope were examined with the pentamer-staining assay, immunization with gp120-NPs (ecp) and gp120-NPs (imz) had strongly induced p18-specific CD8 ϩ T-cell responses in a dosedependent fashion (Fig. 2A) . Higher responses were observed even in the mice immunized with gp120-NPs at a dose of 0.24 g than in those immunized with gp120 alone or gp120 ϩ CTB at a dose of 6 g. Although the immune responses induced by gp120-NPs (ecp) and gp120-NPs (imz) were comparable at a dose of 6 g, stronger CD8
ϩ T-cell responses were induced by gp120-NPs (ecp) than by gp120-NPs (imz) at a dose of 1.2 g. Surprisingly, a simple mixture of gp120 and NPs (gp120 ϩ NPs) could also induce potent p18-specific CD8 ϩ T-cell responses in mice (Fig. 2A) .
The functional capacity of gp120-NP-induced specific CD8 ϩ T cells was assessed with an IFN-␥ ELISPOT assay following stimulation with the p18 peptide and gp120. As shown in Fig.  2B , a number of p18-and gp120-specific IFN-␥-producing cells were identified in the mice immunized with gp120-NPs, and the IFN-␥-producing cells were more abundant than those in the mice receiving gp120 ϩ CTB (Fig. 2B) . No antigen-specific IFN-␥-producing cells were detected in the mice immunized with PBS or gp120 alone. Similar to the results of pentamer staining ( Fig. 2A) , gp120-NPs (ecp) were a more potent inducer of the IFN-␥-producing cells than gp120-NPs (imz) at a dose of 1.2 g of gp120. Again, gp120 ϩ NPs also potently induced the IFN-␥-producing cells in mice. When the production of IL-2 and TNF-␣ from the antigen-specific CD8 ϩ T cells was evaluated by intracellular cytokine staining, both cytokines could be detected for the cells obtained from the gp120-NPimmunized mice (Fig. 2C) . Similar to the ELISPOT results, the production of these cytokines was also higher in the mice immunized with gp120-NPs (ecp) than in those immunized with gp120-NPs (imz).
To assess the cytolytic activities of gp120-NP-induced CD8 ϩ T cells, spleen lymphocytes from the immunized mice were cultured with the p18 peptide for 4 days and used as the effector cells. As shown in Fig. 2D , p18-specific cytotoxic activity was not observed for the spleen lymphocytes of the mice immunized with gp120 alone or gp120 ϩ CTB. In contrast, the spleen lymphocytes of the mice immunized with gp120-NPs (ecp) or gp120-NPs (imz) displayed significant cytolytic activity FIG. 1. Induction of antigen-specific lymphocyte proliferation by gp120-NPs. Mice were intranasally immunized once with the indicated antigens. Spleen lymphocytes were isolated on day 10 after immunization and stimulated in vitro with the indicated concentrations of the recombinant gp120 (rgp120) or p18 peptide for 5 days. The cells were exposed to [ 3 H]thymidine for the final 16 h, and the levels of incorporation of radioactivity were determined. All data represent the means Ϯ SEMs of the results for four mice per group. Statistical analysis was carried out in comparison with the results for the gp120 ϩ CTB group. Ϫ, no stimulus; ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001.
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for the target cells. Modest cytolytic activity was observed for the spleen lymphocytes of the mice immunized with gp120 ϩ NPs. These results indicate that the antigen-specific CD8 ϩ T cells induced by gp120-NPs are capable of secreting IFN-␥, IL-2, and TNF-␣ and functioning as CTLs.
Comparison of ␥-PGA NPs with PSNPs for the induction of antigen-specific CD8
؉ T cells. To compare the efficacy of ␥-PGA NPs and PSNPs in inducing antigen-specific CD8 ϩ T-cell responses, the binding of H-2D d /p18 pentamers to CD8 ϩ T cells was evaluated on day 10 after immunization with gp120-NPs (imz) or gp120-PSNPs (imz). As shown in Fig. 3A , gp120-NPs (imz) could induce the p18-specific CD8 ϩ T-cell responses more strongly than gp120-PSNPs (imz) and gp120 alone. Furthermore, the p18-specific IFN-␥-producing cells were identified as being more abundant in the mice immunized with gp120-NPs (imz) than in the mice receiving gp120-PSNPs (imz) (Fig. 3B) . These results indicate that ␥-PGA NPs are superior to PSNPs as an inducer of antigen-specific CD8 ϩ T cells.
Induction of long-lived memory CD8
؉ T cells. To determine whether intranasal immunization with gp120-NPs could gen-
FIG. 2. Induction of gp120-specific CD8
ϩ T-cell responses by gp120-NPs. Mice were intranasally immunized once with the indicated antigens. Spleen lymphocytes were isolated on day 10 after immunization. (A) Antigen-specific CD8 ϩ T cells were detected by H-2D d /p18 pentamer staining. Data are expressed as the percentages of the gated CD8 ϩ T cells that bound to the pentamer, as measured by flow cytometry. All data represent the mean Ϯ SEM of the results for four mice per group. Statistical analysis was carried out in comparison with the results for the gp120 ϩ CTB group. ‫;ء‬ P Ͻ 0.05; ‫;ءء‬ P Ͻ 0.001. (B) Spleen lymphocytes were evaluated by ELISPOT for IFN-␥ production after stimulation with no peptide (Ϫ), the p18 peptide (5 g/ml), or recombinant gp120 (rgp120; 5 g/ml). Data are expressed as the numbers of antigen-specific spots per million cells. All data represent the mean Ϯ SEM of the results for four mice per group. Statistical analysis was carried out in comparison with the results for the gp120 ϩ CTB group. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.001. (C) CD8 ϩ T cells were evaluated by intracellular cytokine staining for the production of IL-2, IFN-␥, and TNF-␣ after stimulation with the p18 peptide. Data are expressed as the percentages of cytokine-positive CD8 ϩ cells. (D) Spleen lymphocytes were cultured for 4 days in the presence of the p18 peptide (10 g/ml). The cells were harvested and used as effector cells to assess P815 target cell lysis by measuring LDH release after overnight incubation with medium alone or the p18 peptide. Data are expressed as the levels of peptide-specific lysis, calculated by subtracting the percent specific lysis of the control target cells from the percent specific lysis of the peptide-pulsed target cells at the indicated effector-to-target (E:T) cell ratio. erate memory CD8 ϩ T cells, the spleen lymphocytes were harvested after 4 weeks of immunization and subjected to the IFN-␥ ELISPOT and CTL assays. As shown in Fig. 4 , considerable numbers of p18-and gp120-specific IFN-␥-producing cells were identified in the mice immunized with gp120-NPs.
Again, gp120-NPs (ecp) were a more potent inducer of the IFN-␥-producing cells than gp120-NPs (imz). Furthermore, the cells could efficiently kill the target cells pulsed with the p18 peptide (data not shown). These results suggest that a pool of the antigen-specific memory CD8 ϩ T cells was generated after 4 weeks.
To determine whether the antigen-specific memory CD8 ϩ T cells were long-lived or not, the binding of the H-2D d /p18 pentamer to CD8 ϩ T cells was evaluated at the indicated times after the immunization with gp120-NPs. As shown in Fig. 5 , both gp120-NPs (ecp) and gp120-NPs (imz) displayed similar kinetics of p18-specific CD8 ϩ T-cell responses. After a peak in the number of pentamer-positive cells on day 10, the positive cell number decreased on day 30 and remained stable from day 30 to day 238. However, the pentamer-positive cell number rapidly increased again immediately after boosting with gp120-NPs. To further characterize the antigen-specific memory CD8
ϩ T cells, their maturation stages were determined by assessing the surface expression of CD44, CD127, and CD62L on day 30 after immunization by using flow cytometry. All of the pentamer-positive cells expressed CD44, indicating that they were activated (Fig. 6A) . Most of the cells had the profiles of effector memory cells (pentamer positive, CD127 ϩ , and CD62L low ), and substantial decay of these cells was observed over time ( Fig. 6A and 6B ). On the other hand, the number of central memory cells (pentamer positive, CD127 ϩ , and CD62L high ) was lower than the number of effector memory cells. The number of central memory cells remained relatively constant and tended to increase between days 30 and 238 after immunization. There was no significant difference between gp120-NP (ecp) and gp120-NP (imz) immunization in the resulting levels and subsets of memory cells. These results indicate that gp120-NPs can generate both effector and long-lived central memory HIV-1-specific CD8 ϩ T cells.
FIG. 3. Induction of gp120-specific CD8
ϩ T-cell responses by gp120-NPs (imz) and gp120-PSNPs (imz). Mice were intranasally immunized once with the indicated antigens. Spleen lymphocytes were isolated on day 10 after immunization. (A) Antigen-specific CD8 ϩ T cells were detected by H-2D d /p18 pentamer staining. Data are expressed as the percentages of the gated CD8 ϩ T cells that bound to the pentamer, as measured by flow cytometry. All data represent the means Ϯ SEMs of the results for three mice per group. Statistical analysis was carried out in comparison with the results for the gp120-PSNPs group. ‫,ء‬ P Ͻ 0.05. (B) Spleen lymphocytes were evaluated by ELISPOT for their IFN-␥ production after stimulation with no peptide (Ϫ) or the p18 peptide (5 g/ml). Data are expressed as the numbers of antigen-specific spots per million cells. All data represent the means Ϯ SEMs of the results for three mice per group. Statistical analysis was carried out in comparison with the results for the gp120-PSNPs group. ‫,ءء‬ P Ͻ 0.001.
FIG. 4. Functional analysis of the memory CD8
ϩ T cells. Mice were intranasally immunized once with 6 g of gp120-NPs. Spleen lymphocytes were collected on day 30 after immunization. Spleen lymphocytes were evaluated by ELISPOT for their IFN-␥ production after stimulation with no peptide (Ϫ), the p18 peptide (5 g/ml), or recombinant gp120 (rgp120; 5 g/ml). Data are expressed as the numbers of antigen-specific spots per million cells. All data represent the means Ϯ SEMs of the results for four mice per group.
FIG. 5. Long-lived p18-specific memory CD8
ϩ T cells induced by gp120-NPs. Mice were intranasally immunized once with 6 g of gp120-NPs. On day 238, mice were boosted with the same gp120-NPs as those used for the first immunization. Spleen lymphocytes were collected from the immunized mice at the indicated times, and antigen-specific CD8 ϩ T cells were detected by H-2D d /p18 pentamer staining. Data are expressed as the percentages of the gated CD8 ϩ T cells that bound to the pentamer, as measured by flow cytometry. All data represent the means Ϯ SEMs or range of the results for two to four mice per group.
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DISCUSSION
The results presented here demonstrate that novel biodegradable ␥-PGA NPs hold great promise as an antigen delivery system and effective adjuvant for inducing HIV-1-specific cellular immune responses. Protein-based vaccines generally induce strong MHC class II-mediated humoral immune responses but weak MHC class I-mediated cellular immune responses. It was reported that the encapsulation of protein antigens into NPs could modulate certain immune responses, including the enhancement of CTL against the particle-associated antigen (17, 19) . DCs are considered to be an initiator and modulator of immune responses and capable of presenting antigens through both MHC class I and II pathways. The cells efficiently take up poly(D,L-lactate-co-glycolide) NPs of an appropriate size and present particle-associated antigens along with MHC class I molecules to CD8 ϩ T cells through the antigen cross-presentation pathway (6, 8, 16) . ␥-PGA NPs were found to deliver protein antigens to DCs in vitro and in vivo (26) . Furthermore, our preliminary data suggest that ␥-PGA NPs could also efficiently deliver the encapsulated antigen into CD11c ϩ and CD86 ϩ cells with low granularity in the lung, which were considered to be pulmonary DCs, after intranasal administration (data not shown). Thus, targeting of protein antigen to DCs appears to be an important mechanism of ␥-PGA NPs in inducing HIV-1-specific cellular immune responses.
Cellular immunity plays a critical role in controlling HIV-1 replication in the acute phase of infection and maintaining a jvi.asm.org low viral load in the chronic phase. Therefore, an effective anti-AIDS vaccine should induce potent CTLs against HIV-1 antigen-expressing cells. In fact, the CD8 ϩ T cells induced by gp120-NPs exhibited effector functions, such as cytolytic activity and the production of various cytokines (Fig. 2) . Such CD8 ϩ T cells seem to play a critical role in protecting against disease progression in SIV-infected monkeys (13, 24) . In comparison with gp120-NPs (imz), gp120-NPs (ecp) showed a slightly better ability to induce functional antigen-specific CD8 ϩ T cells (Fig. 2B, 2C , and 2D). To our surprise, either gp120-NPs (ecp) or gp120-NPs (imz) induced low, if any, levels of gp120-specific antibodies in sera and vaginal fluids of the mice even after four intranasal immunizations (data not shown), whereas the mice immunized with gp120 ϩ CTB had high levels of gp120-specific antibodies in both sera and vaginal fluids. Thus, ␥-PGA NPs are different from CTB and have the ability to potently induce cellular immunity rather than humoral immunity through intranasal immunization. Since an efficacious vaccine against HIV-1 should elicit both humoral and cellular responses, the modification of ␥-PGA NPs for eliciting both humoral and cellular responses, especially for the production of immunoglobulin A antibodies on the mucous membrane, is now under investigation. Another interesting observation is that even gp120 ϩ NPs could induce considerable cellular immunity ( Fig. 2A, 2B , and 2D), probably because negatively charged ␥-PGA NPs adsorbed positively charged gp120 on their surface and thereby behaved like gp120-NPs (imz). These results suggest that, although it may not be applicable to all antigens, a simple mixture of some antigens and ␥-PGA NPs is more practical as a vaccine formulation in developing protein-based vaccines than antigen-encapsulating or -immobilizing ␥-PGA NPs.
An ideal priming vector for inducing cellular immune responses should elicit a large population of CD8 ϩ T cells that differentiate rapidly into memory cells, which will generate vigorous secondary immune responses immediately after boosting. In our study, the antigen-specific CD8 ϩ T cells induced by gp120-NPs rapidly differentiated to the memory cells on day 30 and retained a stable level from day 30 to day 238 (Fig. 5) . These memory CD8 ϩ T cells rapidly exhibited effector functions, such as antigen-specific cytotoxicity and IFN-␥ production after in vitro stimulation (Fig. 4 and data not shown) . Furthermore, the memory CD8 ϩ T cells rapidly expanded in vivo after being boosted with the same antigen (Fig. 5) . The characterization of the memory CD8 ϩ T cells revealed that the majority of the cells were effector memory cells on day 30, yet central memory cells also existed and stayed stable for more than 200 days after immunization (Fig. 6) . It is noteworthy that intranasal immunization of mice only once with gp120-NPs could induce a stable population of antigen-specific central memory CD8
ϩ T cells. The ability of gp120-NPs to generate the long-lived central memory cells is particularly important, since these cells expand and mediate protective immunity after a challenge with pathogens (24, 30) . Further studies are needed to determine whether antigen-carrying ␥-PGA NPs have such activity in other species.
The factors that regulate the differentiation of CD8 ϩ T cells to memory cells have not been fully understood yet. Several events, such as inflammation, DC maturation, and antigen persistence, affect the differentiation process. It was recently shown that the vaccination of mice with peptide-pulsed mature DCs resulted in accelerated differentiation of memory CD8 ϩ T cells (3) . Indeed, ␥-PGA NPs upregulated the expression of MHC and costimulatory molecules of DCs in vitro and in vivo (26) . Furthermore, ␥-PGA NPs could also induce the production of inflammatory cytokines from DCs. These finding indicate that ␥-PGA NPs are capable of inducing the maturation of DCs, which may rapidly generate memory CD8 ϩ T cells. In conclusion, the present work demonstrates the ability of gp120-carrying ␥-PGA NPs to induce robust cellular immune responses in mice. Thus, ␥-PGA NPs may have great potential as an antigen carrier and novel protein-based vaccine against HIV-1 infection.
